The vertebrate inner ear has been extensively studied as a model system of morphogenesis and differentiation. The interactions between epithelium and surrounding mesenchyme have not previously been studied directly, because an appropriate experimental system had not been established. Here we describe a mesenchyme-free culture system of E11.5 mouse otic vesicle which retains the ability for (1) formation of the cochlear loop, (2) emigration of ganglion cells from the epithelium and (3) invagination of semicircular canal epithelium. E10.5 otic vesicle was maintained using the same method, but morphogenesis was less successful. Culture of the E11.5 cochlear region alone resulted in regeneration of a structure with semicircular canal character from the cut end, indicating that region-specific cell fate within the otic vesicle is not irreversibly determined at this stage. Co-culturing otic vesicle with cochleovestibular ganglion (CVG) resulted in enhanced looping or ectopic diverticulum formation of the cochlear region, suggesting that the CVG provides a morphogenetic signal for cochlear looping. Cochlear looping was specifically blocked by inhibiting actin polymerization by cytochalasin D, while morphogenesis of the semicircular canal region remained intact. Hyaluronidase treatment inhibited semicircular canal morphogenesis, resulting in a cystic form of the otic vesicle.
Introduction
The vertebrate inner ear is formed by complex morphogenesis of an epithelial cyst, the otic vesicle. The mechanism of this process has been extensively studied (Torres & Giraldez, 1998; Fekete, 1999) . For example, the cochlear loop is formed by outgrowth of part of the otic vesicle into the surrounding mesenchyme in a spiral fashion; the mechanism does not seem to be directly related to a balance between cell proliferation and cell death (Nishikori et al. 1999; Lang et al. 2000) . A recent report indicates that activity of a mesenchyme-specific gene ( Brn4/Pou3f4 ) is required for normal cochlear looping (Phippard et al. 1999) . Semicircular canals first appear as flattened outgrowths of the dorsal part of the otic vesicle. Central portions of the outgrowths eventually appose each other and disappear, giving rise to three semicircular canals (Sadler, 2000) . Flattening of the outgrowth requires production of extracellular matrices, whose compartments include hyaluronan in Xenopus (Haddon & Lewis, 1991) and Netrin-1 in mice (Salminen et al. 2000) . Disappearance of the fusion plate is said to occur through epithelial cell death in chick (Lang et al. 2000) , and incorporation of cells into the semicircular canals in mice (Martin & Swanson, 1993) .
Interactions between mesenchyme and epithelium are crucial in many developing organs, but they have only been indirectly studied in inner ear development because an appropriate experimental system has not been available. Organ culture has been extensively used to observe the interaction between otic vesicle epithelium and surrounding tissue (Van de Water, 1984; Garrido et al. 1998 ), but the cultures contain a certain amount of mesenchyme. Otic vesicle culture has also been used to assay the effect of growth factors on development of the inner ear (Leon et al. 1995; Represa & Bernd, 1989) , but these cultures also included a small amount of mesenchyme, which may have influenced the outcome. Another classic experimental embryology study showed that the otic vesicle epithelium undergoes differentiation somewhat autonomously, because when transplanted into limb mesenchyme, otic vesicles formed differentiated sensory cells (Swanson et al. 1990 ).
However, in these experiments morphogenesis of the otic vesicle was abnormal, so no conclusions could be drawn on the role of mesenchymal cells in otic vesicle morphogenesis.
Recently, a mesenchyme-free culture method for lung epithelium was established by embedding the epithelial explant in Matrigel (Nogawa & Ito, 1995) , a product derived from EHS sarcoma which contains various extracellular matrices including laminin, type IV collagen and entactin, and growth factors including EGF, bFGF, NGF, PDGF, IGF-I and TGF-beta (datasheet from BD Biosciences).
This technique has been successfully used to facilitate a better understanding of branching morphogenesis (Park et al. 1998; Miura & Shiota, 2002) . We therefore set out to test the possibility that this technique could be adapted to provide an appropriate scaffold for isolated otic vesicles, so that their development could similarly be maintained in vitro without mesenchyme. The results confirm that our mesenchyme-free culture system supports otic vesicle morphogenesis with respect to (1) looping of the cochlea, (2) emigration of cochleovestibular ganglion (CVG) cells and (3) invagination of semicircular canal epithelium.
We were also able to demonstrate that morphogenesis of the cochlear region is influenced by the CVG, that the actin cytoskeleton is required for cochlear looping and that morphogenesis of the semicircular canal region can be blocked by hyaluronidase treatment. Culture of the cochlear region alone demonstrated that regionspecific cell fate is not yet irreversibly determined. These results show that the otic vesicle epithelium is able to undergo morphogenesis without surrounding mesenchyme, and that this mesenchyme-free culture method is a powerful tool for exploring the mechanisms of otocyst morphogenesis.
Materials and methods

Otic vesicle culture
Mouse E10.5 or E11.5 embryos were harvested, and the otic vesicle, together with surrounding mesenchyme and adjacent hindbrain, was dissected using forceps and microscissors. The otic vesicles were then treated with 10 mL 1 U/mL dispase (Invitrogen) in Hanks balanced salt solution (HBSS) at 37 ° C, for 40 min for E10.5 embryos and for 60 min for E11.5 embryos. These samples can be treated as groups (we use 10 mL dispase solution for 10-15 explants). The explants were washed at least three times with 10 mL HBSS, because remaining protease can affect later development (Saver & Van de Water, 1984) . Then the otic vesicles were separated from surrounding mesenchyme with sharp tungsten needles and placed in a 50-µ L drop of Matrigel (BD Biosciences) or Type I collagen (Cellmatrix I-A, Nitta Gelatin Inc.) in a tissue culture dish (Falcon) using a micropipette; their position and orientation were modified using tungsten needles before the gel solidified. For some experiments, CVG (E11.5) or growth factor-soaked beads were placed in the same drop and the location of explants and beads was modified using fine tungsten needles. To facilitate this procedure, culture dishes were stored at 4 ° C prior to the experiment to delay solidification of the Matrigel until after modifying the position of the explants. After allowing the drop to gel for 30 min at 37 ° C at 5% CO 2 , 500 µ L of culture medium was added to the well and the culture was maintained for 72 h at 37 ° C in a humidified atmosphere. The composition of the culture medium was DMEM (high glucose, Sigma D5796) with 1% antibiotic (Gibco, 15240062) and 10% fetal bovine serum (Sigma) or 0.1% BSA for serum-free condition. In some experiments the explants were cultured with 100 n M cytochalasin D (Sigma); 150 n M Latrunculin A (Sigma); 0.1, 1 or 10 mg mL − 1 hyaluronidase (Sigma H3884 or H1136); 100 ng mL − 1 FGF10 (Peprotech); beads soaked in 1 µ g mL − 1 FGF10, or 10, 100 or 1000 ng mL − 1 IGF-I (Peprotech), or 100 ng mL − 1 NGF (Aromone).
In control experiments, diluents or BSA were added to the culture medium.
Immunohistochemistry
Cultured otic vesicle explants were fixed overnight in 4% paraformaldehyde or Bouin's fixative. The Matrigel drop was detached from the culture dish, dehydrated, embedded in paraffin and sectioned at 10 µ m. After deparaffinization the slides were treated with 10 m M sodium citrate buffer (pH 7.0) with 0.1% Tween 20 for 10 min at 100 ° C using microwave radiation. They were then blocked with 1.5% serum for 60 min. Primary antibody for proliferating cell nuclear antigen (PCNA) (NCL-PCNA, Novocastra Laboratories Ltd, 1 : 500), Netrin-1 (Santa Cruz SC-9291, 1 : 50) or NeuN (Chemicon, MAB377, 1 : 1000) was applied and incubated overnight at 4 ° C. Then the slides were washed three times with PBS and reacted with biotin-conjugated secondary antibody (Vector) for 30 min at 37 ° C. Finally, localization of the protein was visualized using Elite-ABC kit (Vectastain).
In some cases, high staining intensity was highlighted in red by ImageJ software. At least three different specimens were examined for each experiment. and some morphological change (Fig. 2d ), but formed a complex epithelial structure in which a clear cochlea or semicircular canal region was difficult to identify.
Culture of E11.5 otic vesicles ( Fig. 2e-h ) showed more distinguishable morphological features. Complex epithelial structure emerged at the future semicircular canal region (Fig. 2h , black arrow) and the future cochlear region bent to form a loop (Fig. 2f, white arrowhead). The looping did not usually exceed more than one turn, and in some cases several thin, flattened sac-like epithelial structures were formed from this region (Fig. 2h , white arrow). Neuroblasts emigrated from the epithelium and formed a colony beside the otic vesicle on its anterior side (Fig. 2f , black arrowhead).
The endolymphatic duct region did not show marked change. Judging from the morphological features described above, the culture system can reproduce the major morphogenetic events of the in vivo E11.5 to E12.5 otic vesicle.
We also tested other culture conditions. When E11.5 otic vesicles were cultured in a type I collagen drop, the explants showed no epithelial morphogenesis (Fig. 2I,j Matrigel not only failed to support morphogenesis but there was loss of epithelial structure (Fig. 2k,l) . Sections of these cultures showed some cell death (data not shown). IGF-I and NGF have been shown to influence dispase. Otic vesicles are isolated using fine tungsten needles and embedded in a drop of Matrigel. The drop is allowed to gel at 37 °C in a humidified atmosphere for 30 min, then culture medium is added to the dish and culture maintained for up to 72 h.
growth of the otic vesicle in organ culture (Represa & Bernd, 1989; von Bartheld et al. 1991; Leon et al. 1995 Leon et al. , 1998 ), so we examined whether these growth factors could promote morphogenesis of otic vesicle in serum-
free Matrigel cultures. We tested 100 ng mL − 1 NGF or 10, 100 and 1000 ng mL − 1 IGF-I based on previous reports (Represa & Bernd, 1989; Leon et al. 1995) . Contrary to these previous reports, we could not detect any significant difference when these growth factors were added (data not shown), indicating the importance of other unidentified serum components for morphogenesis in vitro .
The validity of this culture system as a means to investigate the factors influencing otocyst morphogenesis depends on complete removal of the surrounding mesenchymal cells during dissection. If we deliberately culture the otic vesicle with a small amount of mesenchyme, these few cells proliferate quite rapidly and surround whole explant within 48 h ( Fig. 2m-p) . Clearly, the influence of mesenchyme on morphogenesis cannot be ruled out in these conditions. This type of mesenchymal proliferation was never observed in cultures prepared as described in the Methods section, suggesting that mesenchymal contamination did not occur. Absence of mesenchyme was observed by visual inspection after each dissection, but was also tested by serial sectioning and histological examination of six freshly dissected otocysts (Fig. 3a) . No mesenchymal cells were detected in the sections.
Histological examination was also carried out for E11.5 otic vesicles which had undergone morphogenesis for 72 h in vitro . Epithelial invagination was frequently observed in the semicircular canal region (Fig. 3b , black arrow). Two epithelial surfaces apposed each other, but the fusion plate did not disappear. Epithelial thickening, which precedes the differentiation of sensory epithelium (Nishikori et al. 1999) , was observed in the cochlear region ( Fig. 3b , white arrowhead). Emigration of neuroblasts was observed (Fig. 3b , black arrowhead), and the epithelium was thickened in the area near the neuroblast emigration.
Histological observation of otic vesicles cultured for 48 h in collagen gel did not reveal any sign of necrosis ( Fig. 3c) , indicating that the lack of morphogenetic change is not attributable to a toxic effect of collagen.
To confirm the identity of the cells that emigrated from the anterior part of the cultured otic vesicle, we undertook immunohistochemistry against NeuN, a marker for differentiated neural cells, which is reported to be expressed in CVG (Sarnat et al. 1998) . The emigrated cells were NeuN-positive ( Fig. 3d ), indicating that they are equivalent to CVG cells.
To (Fig. 4b, arrowhead), similar to that observed in vitro (Fig. 3e) .
We observed apoptotic cells in the CVG (Fig. 4c,d , (e-h) E11.5 otic vesicle cultured in Matrigel for 72 h. Neuroblasts emigrated from the anterior part of the otic vesicle within 24 h (f, black arrowhead); the semicircular canal region formed a complex epithelial structure (h, black arrow) and the cochlear duct underwent looping (f, white arrowhead). An ectopic epithelial diverticulum sometimes emerged from the cochlear region (h, white arrow). (i, j) E11.5 isolated otic vesicle cultured in type I collagen gel for 48 h. The tissue appears healthy but has not undergone morphogenesis, and neuroblast emigration is not localized. (k, l) E11.5 isolated otic vesicle cultured in serum-free medium for 48 h. There was no morphogenesis, and some loss of epithelial structure. (m-p) E11.5 otic vesicle cultured with a small amount of attached mesenchyme. The mesenchymal cells soon underwent massive proliferation and surrounded the whole otic vesicle. Their appearance is quite distinct from the emigrating neuroblasts observed in (b) and (f). Scale bars = 100 µ m.
arrows) but not in the cochlear epithelium (Fig. 4e) ,
indicating that the onset of apoptosis here is later than the morphogenetic process. In the semicircular canal region, PCNA expression was not reduced in the invaginating epithelium (Fig. 4f, arrow) , which differs from the in vitro observation. Scattered apoptotic cells were detected in this region (Fig. 4g ,h, arrows).
Apoptotic cells were not detected in the fusion plate ( Fig. 4i) , consistent with a previous report (Nishikori et al. 1999 ).
The region-specific fate of otic vesicle cells is not irreversibly determined at E11.5
To examine the plasticity of epithelial cell fate, we isolated the future cochlear region and cultured it separately for 48 h. The cut edge quickly sealed, and a semicircular canal-like structure emerged from it ( Fig. 5b, arrow). The remaining cochlea-like structure became smaller (Fig. 5b, arrowhead) , suggesting that the fusionplate-like structure was not completely generated de novo but involved the transformation of part of the cochlear region.
To determine the identity of the epithelial structures generated from the separated cochlear region, we examined the expression of Pax-2 , a cochlea marker (Torres & Giraldez, 1998) , and Netrin-1 , which is reported to be expressed in the semicircular canal region (Salminen et al. 2000) . Pax-2 expression was down-regulated in the semicircular canal-like structure (Fig. 5c , arrow) which expressed Netrin-1 instead (Fig. 5d, arrow) , indicating that the emergent structure has a semicircular canal identity. From these observations we suggest that the E11.5 cochlear epithelial cells have the ability to change 
Cochleovestibular ganglion can exert a trophic effect on cochlear looping
The mechanism of looping of the cochlear duct is not known, but since it occurs adjacent to the cochleovestibular ganglion, part of which resides inside the cochlear loop during morphogenesis, this structure is a strong candidate for providing a local morphogenetic signal.
To examine the influence of the CVG on cochlear looping, we co-cultured mesenchyme-free otic vesicle and CVG in close proximity. When the CVG was located inside the pre-existing curvature of the cochlear loop, looping was promoted compared with control cultures (Fig. 6a) and sometimes proceeded to the next turn (Fig. 6b, arrowhead) . In general, looping was promoted and a statistically significant difference was observed between control and CVG-cocultured groups (Fig. 6i ).
When the CVG was placed on the outer side of the curvature, the direction of looping was not altered and the original cochlear duct grew in the normal direction (Fig. 6e ,f, black arrow), but an additional epithelial diverticulum emerged immediately adjacent to the CVG (Fig. 6e , black arrowhead) and sometimes looped along the edge of the CVG (Fig. 6f, black arrowhead) . We did not detect the formation of a similar structure in any of the control specimens (Fig. 6j) . A histological section of this structure (Fig. 6g, arrowhead) showed that it was distinct in character from the flattened sac-like epithelial structure formed from the cochlea in control cultures (Fig. 2h, white arrow) . In both CVG positions, the otic vesicle epithelium adjacent to the CVG was thickened ( Fig. 6c,g, black arrowheads ). Thickened epithelium was also observed adjacent to the colony of spontaneously emigrated neuroblasts (Fig. 6g, black arrow). For negative control, we co-cultured otic vesicle with trigeminal ganglion, but we could not detect the formation of an epithelial protrusion (0/11, data not shown).
To investigate the role of cell division in cochlear looping, we undertook immunohistochemistry against PCNA, which identifies nuclei of proliferating cells.
PCNA immunoreactivity was decreased in the epithelium near the CVG when the CVG was positioned inside the cochlear loop (Fig. 6d, arrowhead) . This result is consistent with the hypothesis that differential cell proliferation plays a role in formation of the cochlear loop. When we located CVG outside the cochlear loop; the induced epithelial diverticulum did not contain PCNA-positive cells (Fig. 6h, arrowhead) . These results indicate that the CVG suppresses cell proliferation of the nearby cochlear epithelium, possibly contributing to unequal growth of the inner and outer curvatures of the duct. 
FGF10 cannot induce a trophic effect on otic vesicle explant
It has been shown that FGF10 is expressed in the developing CVG (Pirvola et al. 2000; Pauley et al. 2003) , and that targeted disruption of FGF10 or its receptor
FGFR2IIIb results in dysmorphogenesis of the inner ear (Ohuchi et al. 2000; Pirvola et al. 2000) . It has also been shown that FGF10 exerts a chemotactic effect on lung epithelium (Park et al. 1998) . We therefore tested the hypothesis that FGF10 secreted from the CVG promotes looping of the cochlear duct by placing FGF10-soaked beads adjacent to the outer curvature of the duct in serum-free culture. We chose to use the serum-free condition because FGF10 does not exert a chemotactic effect on lung epithelium with serum-containing medium (data not shown). Contrary to our hypothesis, we were unable to detect any evidence that FGF10 beads can reproduce the effect of the CVG in enhancing cochlear curvature after 48 h in culture (Fig. 7a,b) . We made histological sections of these samples to seek minor differences, but could not detect any morphological change (Fig. 7c,d) . For positive control, we cocultured FGF10-soaked beads with lung epithelium, which showed a strong chemotactic influence within 24 h (Fig. 7e-f ) as described previously (Park et al. 1998) , indicating that the lack of effect is not due to defective FGF10. We also tried 10% FBS medium or inclusion of heparin in the culture medium, but they had no effect (data not shown).
Role of actin filaments in cochlear looping
The above results and previous reports (Nishikori et al. 1999; Lang et al. 2000) suggest that cochlear looping is not entirely due to a combination of localized cell division and cell death. There are several known factors involved in the generation of physical forces associated with epithelial morphogenesis, including cell division, cytoskeletal activity and ECM. We tested the hypothesis that the cytoskeleton is actively involved in morphogenesis of the cochlear duct by examining and disrupting the distribution of actin filaments. A mesh-like structure of actin fibres was observed at the apical surface of the cochlear epithelium of E11.5 otic vesicles in vivo (Fig. 8a,b) , suggesting a possible role of the actin cytoskeleton in cochlear looping. Next we examined the effect of cytochalasin D, which is known to block the polymerization of actin molecules. Addition of 100 n M cytochalasin D to the culture medimum at the start of culture inhibited looping of the cochlear duct ( Fig. 8d-g,   arrowhead) . In contrast, morphogenesis of the semicircular canal region was unaffected (Fig. 8d-g, arrows) , indicating that inhibition of cochlear looping was not simply the result of a toxic effect of cytochalasin D. A statistically significant morphological difference was observed between control and cytochalasin-D-treated groups (Fig. 8c) . Sometimes a small amount of cell debris was observed outside the cytochalasin-D-treated otic vesicle (Fig. 8g, white arrow) . Latrunculin A, which also blocks polymerization of actin filaments, exerts a much stronger effect and morphogenesis is more severely disrupted as a whole, but a remnant of epithelial structure Loss of structure and cystic morphology is shown by a greater number of cochlea than of semicircular canals. Statistically significant difference is detected between cochlea and semicircular canal using the chi-square test. Scale bars = 100 µm.
was still visible in the semicircular canal region after 72 h exposure (Fig. 8i , arrow) compared with cochlea (Fig. 8i , black arrowhead), and this was confirmed statistically (Fig. 8j ). These observations suggest that actin fibre contraction is a major effector of cochlear morphogenesis, but is less important for semicircular canal formation.
Effect of hyaluronidase on otic vesicle morphogenesis
It has been proposed in Xenopus that hyaluronan acts as a propellant for the formation of the fusion plate of the semicircular canals (Haddon & Lewis, 1991 ), but it is not known whether a similar mechanism is involved in mammals. To examine this we treated cultured explants with two types of hyaluronidase, one from bovine testes and the other from Streptomyces hyalurolyticus.
Addition of 10 mg mL −1 testicular hyaluronidase, which degrades hyaluronic acid, chondroitin and chondroitin sulphates, resulted in a large, cyst-like structure involving both the cochlear and the semicircular canal regions (Fig. 9a-d ). We were unable to reproduce this result with Streptomyces hyarulonidase (data not shown), which specifically degrades hyaluronan. Alcian-blue-(pH 2.5)
positive ECM was detected in control otic vesicle but not in testicular hyaluronidase-treated otic vesicle (Fig. 9e,f) nor in Streptomyces hyaluronidase-treated otic vesicles (data not shown), confirming that the enzymes are functional under these experimental conditions. Alcianblue-positive matrix is also detectable in vivo (Fig. 9g) , suggesting a physiological role for hyarulonan in mammalian otic vesicle morphogenesis. We detected stronger PCNA expression throughout the epithelium of hyaluronidase-treated otocysts compared with untreated controls (Fig. 9h,i ), but could not detect TUNELpositive cells (Fig. 9j ).
Discussion
We have established a mesenchyme-free culture method for embryonic otic vesicle and shown that it can be used to elucidate mechanisms of morphogenesis. Success of this culture technique was made possible by the use of Matrigel, suggesting that ECM is the key component required to replace the missing mesenchyme. Previous studies in which otic vesicle was completely isolated from surrounding mesenchyme by weak enzymatic treatment (Garrido et al. 1998 ) and cultured in liquid medium reported that the isolated otic vesicle did not develop well in these conditions (Orr, 1976; Orr & Hafft, 1980) . The reason was not clear at that time, but recent studies have shown that normal epithelial cells cannot survive without an ECM scaffold (Frisch & Ruoslahti, 1997) . We assume that the required ECM scaffold is provided by Matrigel. Cell survival was also enabled by culture in a collagen drop, but morphogenesis specifically required the ECM components of Matrigel, which include the basement membrane proteins laminin, type IV collagen and entactin. A previous report describing the effect of otic vesicle epithelium on CVG fibre growth used otic vesicle culture within a collagen gel (Hemond & Morest, 1992) ; these experiments included a small amount of mesenchyme and cannot be compared directly with our results.
There are several possibilities why IGF-I, which has previously been reported to induce cell proliferation in organotypic culture (Leon et al. 1995 (Leon et al. , 1998 Frago et al. 2000) , exerted no effect in our culture system. We have tested several different concentrations, some them much higher than previously reported to promote growth, but we could not detect any significant difference. One possibility is that IGF-I is already abundant in Matrigel and its effect is saturated, because Matrigel include various growth factors such as EGF, bFGF, NGF, PDGF, IGF-I and TGFb. This possibility could be tested by comparing the effect of IGF-I neutralizing antibody or blocker. Another possibility is that IGF-I requires an additional mesenchyme-derived factor to have an effect on otic epithelium.
Comparison of previously reported results of organ cultures with those of our mesenchyme-free culture (Li et al. 1978 ) whereas in our mesenchyme-free culture system, the isolated cochlear region gave rise to a structure with semicircular canal identity. We suggest that otic vesicle epithelium has more plasticity in mesenchyme-free conditions, and that the comparison between conventional culture and our culture system can thereby facilitate a better understanding of the role of mesenchymal tissue in regulating epithelial development.
We have shown that the mesenchyme-free Matrigel culture system can be utilized to elucidate the mechanism of cochlear looping. Our experimental data show that CVG can provide a positional cue for formation of the cochlear loop under certain conditions, and suggest that the actin cytoskeleton may provide the actual physical force for morphogenesis. Decreased cell division, as revealed by PCNA staining in the cochlear duct epithelium adjacent to the CVG, has been correlated with differentiation of organ of Corti (Chen & Segil, 1999 ), but theoretically it may also be related to the generation of cochlear curvature. Our current data are suggestive but inconclusive as to whether cell division plays a major role in cochlear looping.
Currently we have not been able to induce the full one-and-three-quarter turns of the cochlear loop in mesenchyme-free conditions, so we do not rule out an additional role for mesenchyme as suggested by a previous report (Phippard et al. 1999 (Litman et al. 2000) will provide more information and this culture system is ideal for this purpose because of its transparency and direct accessibility.
Our culture system can also provide information about formation of the semicircular canals, because it enables direct observation of invagination of the semicircular canal epithelium. It has been shown that this movement is due to the localized synthesis of extracellular matrices such as hyaluronan or Netrin-1 (Haddon & Lewis, 1991; Salminen et al. 2000) from epithelial tissue, which is consistent with our observation that invagination takes place in the absence of surrounding mesenchyme. We have tested several culture conditions with an elongated culture period or high oxygen concentration, but currently we are unable to induce disappearance of the fusion plate. This may be because mesenchyme is required for this process, suggesting involvement of a mesenchymal signal that, if discovered, could be manipulated in the culture system. There are several hypotheses on the mechanism of fusion plate disappearance for different species (Martin & Swanson, 1993; Fekete et al. 1997; Lang et al. 2000) , and our culture system can act as a useful tool to test these possibilities when further information enables us to reproduce disappearance of fusion plates in vitro.
Cystic morphology of the otic vesicle was induced by hyaluronidase treatment. It is intriguing that this effect resulted only from testicular hyaluronidase. We also tested Streptomyces hyaluronidase as documented for
Xenopus (Haddon & Lewis, 1991) but could not induce the same effect. Because testicular hyaluronidase degrades hyaluronan, chondroitin and chondroitin sulphates, whereas Streptomyces hyaluronidase is specific for hyaluronan, it is possible that murine otic vesicle utilizes a wider range of ECM than Xenopus.
The required components could include proteoglycans, which are not a major component of Matrigel. It is also interesting that the cystic morphology occurred not only in the semicircular canal region but also in the cochlear region, suggesting that both parts of the otic vesicle utilize these ECM components for morphogenesis and the maintenance of form. They may, however, involve different molecular mechanisms: it is known that hyaluronan is involved in regulating intracellular signalling pathways including Rac and Rho GTPases, which are involved in actin reorganization (Lee & Spicer, 2000) ; it is possible that the observed effects on cochlear structure result from modulation of such pathways.
Differences between the in vitro and in vivo situations are informative in elucidating the interaction between epithelium and mesenchyme or other nearby tissue. For example, cell death is observed in the cochlear region in vitro (Fig. 3f) , but not at the equivalent stage (E13.5) in vivo. Apoptotic cells have been reported in the cochlear region at E14.5 (Nishikori et al. 1999) , indicating that in the cultures, cell death occurs in a normal position but earlier than in vivo. This might be due to the lack of some trophic factor from the CVG, and it will be interesting to discover whether a neurotrophic factor such as NGF can block apoptosis in this region. Distribution of PCNA-negative cells in invaginating semicircular canal epithelium is also different between in vitro and in vivo otocysts, suggesting that in the semicircular canal region, mesenchymal cells produce non-ECM products that play essential morphogenetic roles.
The experimental work described here demonstrates that our culture system has the potential to make a major contribution to understanding both epithelialmesenchymal interactions and epithelium-specific mechanisms underlying otocyst development, as a similar technique (Nogawa & Ito, 1995) has greatly contributed to the understanding of lung development. Mesenchyme-free culture provides the ideal experimental system to test candidate molecules for these morphogenetic signals.
